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a b s t r a c t
Microwave pyrolysis was performed on waste engine oil pre-mixed with different amounts of metallic-
char catalyst produced previously from a similar microwave pyrolysis process. The metallic-char catalyst
was ﬁrst prepared by pretreatment with calcination followed by analyses to determine its various prop-
erties. The heating characteristics of the mixture of waste oil and metallic-char during the pyrolysis
were investigated, and the catalytic inﬂuence of the metallic-char on the yield and characteristics of
the pyrolysis products are discussed with emphasis on the composition of oil and gaseous products. The
metallic-char, detected to have a porous structure and high surface area (124m2/g), showed high thermal
stability in a N2 atmosphere and it was also found to have phases of metals and metal oxides attached
or adsorbed onto the char, representing a potentially suitable catalyst to be used in pyrolysis cracking
process. The metallic-char initially acted as an adsorptive-support to adsorb metals, metal oxides and
waste oil. Then, the char became a microwave absorbent that absorbed microwave energy and heated up
to a high temperature in a short time and it was found to generate arcing and sparks during microwave
pyrolysis of the waste oil, resulting in the formation of hot spots (high temperature sites with temper-
ature up to 650 ◦C) within the reactor under the inﬂuence of microwave heating. The presence of this
high temperature metallic-char, the amounts of which are likely to increase when increasing amounts of
metallic-char were added to the waste oil (5, 10, and 20wt% of the amount of waste oil added to the reac-
tor), had provided a reducing chemical environment in which the metallic-char acted as an intermediate
reductant to reduce the adsorbed metals or metal oxides into metallic states, which then functioned as
a catalyst to provide more reaction sites that enhanced the cracking and heterogeneous reactions that
occurred during the pyrolysis to convert the waste oil to produce higher yields of light hydrocarbons, H2
and CO gases in the pyrolysis products, recording a yield of up to 74wt% of light C5–C10 hydrocarbons and
42vol% of H2 and CO gases. The catalytic microwave pyrolysis produced 65–85wt% yield of pyrolysis-oil
containing C5–C20 hydrocarbons that can potentially be upgraded to produce transport-grade fuels. In
addition, the recovered pyrolysis-gases (up to 33wt%) were dominated by aliphatic hydrocarbons (up to
78vol% of C1–C6 hydrocarbons) and signiﬁcant amounts of valuable syngas (up to 42vol% of H2 and CO
in total) with low heating values (LHV) ranging from 4.7 to 5.5MJ/m3, indicating that the pyrolysis-gases
could also be used as a gaseous fuel or upgraded to produce more hydrogen as a second-generation fuel.
The results indicate that the metallic-char shows advantages for use as a catalyst in microwave pyrolysis
treatment of problematic waste oils.
© 2015 Elsevier B.V. All rights reserved.
∗ Corresponding author at: Eastern Corridor Renewable Energy Group (ECRE),
School of Ocean Engineering, University Malaysia Terengganu, 21030 Kuala Tereng-
ganu, Terengganu, Malaysia. Tel.: +60 9 6683844; fax: +60 9 6683991.
E-mail addresses: lam@umt.edu.my, sushiung@gmail.com (S.S. Lam),
lrklrk1991@gmail.com (R.K. Liew), chinkui@ump.edu.my (C.K. Cheng),
hac1000@cam.ac.uk (H.A. Chase).
1. Introduction
Waste engine oil is an environmentally hazardous waste that is
difﬁcult to dispose off due to the presence of undesirable species,
such as soot and metals. On a global basis, nearly 24 million metric
tons (Mt) of the waste oil are generated each year [1]. In partic-
ular, nearly 7.6 Mt are produced in the United States in addition
http://dx.doi.org/10.1016/j.apcatb.2015.04.014
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to the approximately 2.2 Mt produced in the European Union [2].
Existing treatmentprocesses, suchas incineration, combustion, and
catalytic hydro-treatment, are becoming increasingly impractica-
ble due to concerns of environmental pollution and the difﬁculties
of disposing of the sludge generated by these processes [3,4].
Microwave pyrolysis has recently shown promise as an
environmentally friendly disposal method for waste oil [5,6].
In this process, waste oil is mixed with a bed of highly
microwave-absorbent material such as particulate-carbon in an
inert atmosphere. As a result of microwave heating, the oil is
thermally cracked into shorter hydrocarbon chains, producing
hydrocarbon oils, gases, and char. The oil product can be cat-
alytically upgraded to produce transport-grade fuels [7], and the
gaseous product can be used as a source of chemical feedstock [5]
or be reformed to produce hydrogen for use as a second-generation
fuel [8].
The main processes occurring during microwave pyrolysis of
waste oil have been described in previous works [8,9] and can
be summarized in Fig. 1. During the pyrolysis process, the waste
oil (≈C40 hydrocarbons) is pyrolyzed through a primary pyroly-
sis stage in which the waste oil undergoes primary cracking and
transforms into pyrolysis volatiles formed by a mixture of hydro-
carbon gases and liquid oils existing in a vapor phase. The pyrolysis
volatiles are generated from the primary cracking of waste oil that
proceeds via a free-radical-induced random scission mechanism
as predicted by Rice’s theory [10–12], consisting of permanent gas
species (e.g., H2, CO, CO2), non-condensable gaseous hydrocarbons
(C1–C4 hydrocarbons), and condensable light hydrocarbons (≈C25
hydrocarbons). The pyrolysis volatiles then undergo a secondary
pyrolysis stage whereby serial and parallel secondary reactions
could occur and this results in the formation of products consisting
of even ligther condensable hydrocarbons (≈C6–C18 hydrocarbons
collected as liquid hydrocarbon oil) and higher amounts of non-
Fig. 1. Main processes occurring during microwave pyrolysis of waste oil: primary pyrolysis consisting of primary cracking, and secondary pyrolysis consisting of serial and
parallel secondary reactions occurring either homogeneously or heterogeneously.
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condensable gaseous hydrocarbons (C1–C4 hydrocarbons), and
permanent gas species (e.g. H2, CO, CO2) in addition to the produc-
tion of a char product. Homogenous or heterogeneous secondary
reactions could occur such as secondary cracking, aromatization,
reforming, deoxygenation, dehydrogenation, condensation, and
carbonization [8] (Fig. 1).
The use of microwave radiation as a heat source is known to
offer additional advantages over traditional thermal heat sources
[13,14], and the combination of carbon-based material and the
novel use ofmicrowave heating in pyrolysis processes is of increas-
ing interest as reﬂected by considerable recent research reported in
the literature [15–18]. Microwave systems show a distinct advan-
tage in providing a rapid, energy-efﬁcient, and targeted heating
process compared to conventional technologies, thus facilitating
increased production rates and decreased production costs. More-
over, thermal energy is targeted only to microwave receptive
materials and not to gases within the heating chamber or to the
chamber itself. It can promote certain chemical reactions by selec-
tively heating the reactants, leading to amoreuniform temperature
proﬁle and improved yield of desirable products [16,19].
The char produced is also a product of particular interest due
to its potential use as a solid fuel or as a catalyst in thermal crack-
ing process. However, in order for the char products to be put to
these uses it must ﬁrst be shown that they do not contain the toxic
species originally present in waste oil; these species, particularly
the undesired metals (e.g., Cd, Cr), are hazardous to human health
and may not be emitted to the environment either in their current
form or when converted to other substances as a result of their
further use (e.g., combustion). Metals derived from engine wear
and oil additives are both toxic to humans and severely regulated
in their disposal, preventing materials containing them to be dis-
posed of via conventional routes (e.g., incineration) due to concerns
over their potential dispersal to the environment.
It can also be inferred that if the microwave pyrolysis is to be
performed in a continuous operation over a long period of time, the
amount of the char product trapped within the particulate-carbon
bed in the reactorwould increase as a result of theprolongedperiod
of operation. The presence of increasing amounts of this char is
likely to have an inﬂuence on the product distribution in this pyrol-
ysis process. This carbonaceous char, likely to contain involatile
metals originally present in waste oil, could act as a microwave-
absorbent andheatupbymicrowave radiation, and in turnpyrolyze
the waste oil added into the reactor. It could also promote certain
heterogeneous reactions by heating the pyrolysis-volatiles evolved
from the pyrolysis of waste oil, leading to a different product com-
position observed in the pyrolysis products. It has been reported
that the metal-containing char product could potentially be used
as an inorganic catalyst in thermal cracking processes [20]; the
presence of some metals (e.g., Fe, Ni) in the char could have a cat-
alytic effect on some of the heterogeneous reactions (e.g., methane
decomposition reaction) that occurred as have been reported by
others in pyrolysis studies of other materials [19,21,22]. In addi-
tion, the use of char produced frompyrolysis processes as a catalyst
has recently shown advantages in transforming biomass materials
(e.g., sewage sludge, coffee hulls) into valuable gases such as H2
and syngas in microwave pyrolysis process [16,23–25]; the waste
materialsweremixedwith small amounts of the char and subjected
to pyrolysis treatment.
In this study, microwave pyrolysis using a reactor bed of
particulate-carbon was performed on waste oil in the additional
presenceofdifferent amountsofmetallic-charproducedpreviously
from the pyrolysis process as the catalyst in order to understand
the inﬂuence of the chemical nature and amount of the metallic-
char on the yield of pyrolysis products andwith an emphasis on the
chemical compositionof theoil andgaseousproducts. Themetallic-
char catalyst was pre-treated by calcination and characterized by
Table 1
Chemical composition (wt%) of the waste oils.
Chemical composition Waste oil
Aliphatics 91.3
Alkanes 90.4
Naphthenes 0.5
Alkenes 0.4
Carbon components C7–C41
Aromatics 1.2
Othersa 7.5
a Unknown compounds due to unidentiﬁed peaks.
different analytical methods before and after being subjected to
pyrolysis. In addition, a study was performed to examine the heat-
ing characteristics of the mixture of waste oil and metallic-char
in the presence of a microwave-heated bed of particulate-carbon
through monitoring its temperature proﬁle during the pyrolysis.
These evaluations are important to examine if the metallic-char
could act as a microwave-absorbent and heat up by microwave
radiation, and if the metallic-char could be used as a catalyst in
the pyrolysis of waste oil. Most existing waste oil pyrolysis studies
focus on conventional electric-resistance-heated and electric-arc-
heated pyrolysis [26–28], and there are very few studies about the
pyrolysis products generated from microwave pyrolysis of waste
oil, and in particular no similar studies have been reported on the
application of metallic-char as a catalyst in microwave pyrolysis of
waste oil; this study aims to rectify these deﬁciencies.
2. Experimental
2.1. Materials
Shell 10W-40 motor oil was used throughout the experiments.
The waste oil was sampled from the crankcase of diesel engines
run on unleaded fuel. Before pyrolysis, the oil sampleswere ﬁltered
such that the size of any remaining particulates (i.e.metal particles,
carbon soot, and other impurities) was less than 100m. The oil
samples were then examined for hydrocarbon composition by gas
chromatography-mass spectrometry (GC–MS), metal composition
by atomic-absorption spectrometry (AAS), phosphorus content by
X-ray Fluorescence (XRF) analyzer, and sulfur content by elemental
analysis. TheGC–MS analysis (Table 1) revealed that thewaste oil is
formed from a mixture of low and high molecular weight aliphatic
and aromatic hydrocarbons, and the majority of the hydrocar-
bon compounds were detected in the range of C7–C41. Phosphorus
and sulfur were detected in very low concentrations (phosphorus:
<0.1wt%; sulfur: <0.8wt%); the sulfur content of the waste oil has
been reported and discussed in previous work [7]. The low con-
centrations of sulfur and phosphorus could be explained by the
removal of some oil additives containing sulfur and phosphorus
during the pre-ﬁltration treatment of the waste oil, and also possi-
bly due to the transport of some additives into the vehicle exhaust
system during engine operation [29].
Particulate-carbon (TIMREX FC250 Coke, TIMCAL Ltd Bodio,
Switzerland) with a particle size ranging from 90 to 250m was
used as amicrowave-absorbent to heat thewaste oil. The speciﬁca-
Table 2
Characteristics of particulate carbon.
Parameter Carbon (TIMREX FC250 Coke as provided by TIMCAL Ltd.)
Carbon 99.91–99.10wt%
Ash 0.07–0.30wt%
Moisture 0.02–0.60wt%
sulfur 1.3wt%
Sieve size <250m (2% >250m, 75% >125m, 85% >90m)
Density 0.80–0.91g/cm3
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tions of the carbon are presented in Table 2. The particulate-carbon
was pre-heated to 800 ◦C for 50min to remove any water and
sulfur-containingcompounds. Thesulfur contentof theparticulate-
carbon was vaporized as sulfur-containing gases (e.g., H2S, SOx),
which were then passed through a closed chamber ﬁlled with acti-
vated carbon that acted as a sorbent to clean and retain sulfur from
the gas streams. The pre-heated carbon was then analyzed for its
sulfur content by elemental analysis and that analysis showed that
the sulfur content had been reduced to ≤0.05wt% after the heat
treatment at 800 ◦C.
2.1.1. Preparation of metallic-char as catalyst and its
characterization
Particles of metallic-char were obtained from the previous
pyrolysis of waste oil at 550 ◦C. These chars with a particle size
of <30m were separated from the particulate-carbon particles
(90–250m in size) that formed the bed that was used to conduct
thepyrolysisusing sieves. Then, the charwithaparticle size ranging
from 20–30m was separated from this previously sieved batch of
chars (<30min size) using a narrow-range sieve, and used for this
study. The metallic-char was calcined at 600 ◦C in air atmosphere
for 1h and then stored in a desiccator until further use as a cat-
alyst. The preparation of the metallic-char for use as a catalyst is
brieﬂy summarized in Fig. 2. The metallic-char was then examined
for use as a microwave-absorbent to heat the waste oil and also
tested as a catalyst in the microwave pyrolysis treatment of waste
oil.
The metallic-char catalyst before being subjected to pyrolysis
was analyzed for its C, H, N, S, and O content by elemental analy-
sis, and its proximate composition by thermogravimetric analysis
(TGA). The remainingmetallic-ash fromTGA analysiswas collected
andanalyzed for its chemical compositionbyXRF, and itsproximate
composition was also analyzed by TGA. Automatic sorption analy-
sis (ASA) of the catalyst was performed to characterize its porous
structure and to determine its surface area and pore volume. The
catalystwas also analyzed byAAS to identify itsmetal composition.
Fig. 2. Preparation of metallic pyrolysis char for use as a catalyst.
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X-ray diffraction (XRD) analyses using a X-Ray diffractometer
(Rigaku Corporation, Japan) were also performed on the catalyst
before and after being subjected to pyrolysis to investigate its
chemical composition. SEM/EDX was also performed on both the
fresh and used catalyst to investigate the size, morphology, pres-
ence of metals, and coke deposition on the particles present in the
catalyst. In addition, TGA was performed on the catalyst in an N2
atmosphere to evaluate its thermal stability, whereas temperature
programmed oxidation (TPO) was performed on the used catalyst
in an air atmosphere to investigate the reactivity of the used cata-
lyst with oxygen and also the oxidation of coked carbons deposited
on the surface of the used catalyst; these analyses were performed
using a Q500 thermogravimetric analyzer (TA Instruments UK Ltd.,
Crawley, West Sussex) in which the catalyst sample (∼20mg) was
heated from ambient temperature to a ﬁnal temperature at 950 ◦C
at a heating rate of 15 ◦C/min with a ﬁnal holding time of 15min.
2.2. Experimental details
The experimental apparatus and method developed for this
investigation have been described in detail in previous work [6,8].
The only change from this description is the addition of a Type-K
metallic thermocouple to measure the evolution of the tempera-
ture of the gases and pyrolysis-volatiles (evolved from thewaste oil
being pyrolyzed) present in the vapor zone before they are driven
outof the reactor into theproduct collection systemby theN2 purge
gas. The thermocouple enters the reaction chamber through a side
port on the top of the reactor and is positioned in the space above
the carbon bed. In addition, a thermocouple was used to moni-
tor the temperature of the carbon load in the system; temperature
measurement in the reactor and its limitations are not the main
focus of this paper and thus are presented in (Appendix A).
In outline, microwave pyrolysis was performed in a bell-shaped
quartz reactor on waste oil pre-mixed with small amounts of the
metallic-char catalyst. The reactor was initially ﬁlled with 1kg of
particulate-carbon as the reaction bed, which was then heated to
550 ◦C by microwave radiation (1). The particulate-carbon, added
initially into the reactor in one batch, was stirred (3) to ensure a
uniform temperature distribution throughout the reactor and to
maximize heat transfer during pyrolysis. N2 purge-gas at a ﬂow
rate of 0.25 L/min was vented through the system to maintain the
apparatus in an inert atmosphere. The microwave generator was
initially turned on to heat the carbon bed to the target pyrolysis
temperature of 550 ◦C; the oven was then left for 5min to ensure
complete thermal equilibrium. The waste oil was blended with dif-
ferent amounts of metallic-char (5, 10, and 20wt% of the amount of
waste oil added to the reactor, i.e., 5, 10, and 20g of metallic-char/
100g of waste oil) to create a waste oil-char mixture, which was
then continuously added to the reactor (4) at a constant feeding
rate of 1 kg/h when the temperature of the carbon bed had reached
550 ◦C. Products generated during pyrolysis, termed generally as
pyrolysis volatiles (consisting of a mixture of hydrocarbon gases,
liquids, and suspended solids existing in a vapor phase), leave the
reactor and pass through a condensation system (6–9). The heavier
volatiles are condensed into pyrolysis-oil (10, 11), and the lighter
volatiles are collected as incondensable pyrolysis-gases (13, 14),
which can be sampled before being vented from the system. The
sameprocedurewas repeatedwith the particulate-carbon as a con-
trol andall these resultswere compared to themicrowavepyrolysis
experiments performed on waste oil in the presence of only the
particulate-carbon bed in the reactor. All the pyrolysis experiments
were performed under ambient atmospheric pressure.
The amount of additional residue material not converted to
gaseous or liquid products (both of which leave the reactor) was
determined by measurement of the weight change in the reactor
and its contents before and after pyrolysis. The residue materials
are likely to be chars produced from tertiary cracking reactions of
the pyrolysis process [5]. The char particles in the reactor consisted
of the char residues (i.e., the new char produced in this round of
pyrolysis, termed generally as “char product”) together with the
metallic-char catalyst added in combinationwith thewaste oil into
the reactor. These char particlesmostly accumulated on the surface
of the carbon bed and they were separated from the particulate-
carbon particles (90–250m in size) using 90 and 250m sieves.
Then, the new char product, consisting of char particles with the
majority of particles present being ≤10m, was separated from
the original pyrolysis-char (20–30m in size) using a 20m sieve.
It should be noted that the new char product contained a relatively
small amount of char particles larger than 10m but these larger
char particles could not be analyzed due to the limitations involved
in separating them from 20 to 30m metallic-char that had been
added in combination with the waste oil into the reactor.
The yield of pyrolysis-oil was determined by measuring the
weight increase in the collecting vessels and ﬁlter. The gas yield
wasdeterminedbymass balance and itwas assumed thatwhatever
mass of added sample that was not accounted for by the pyrolysis-
char and pyrolysis-oil measurements left the system in gaseous
form. All the pyrolysis experiments were repeated for at least 5
times and the data recordedwas the average of the results obtained
from three valid repeated runs performed under identical condi-
tions and excluded data from any experiments that were stopped
due to equipment errors (e.g., malfunctioning of stirrer, thermo-
couple, pump failure). These repeated experiments showed good
reproducibility and precision with low standard deviations shown
in the product yields (±1–5wt%).
The waste oils, pyrolysis-oils, and pyrolysis-gases were exam-
ined for chemical composition by different methods of gas
chromatography analysis (i.e., GC–MS, GC-FID, and GC-TCD); the
detailed description of these analytical methods, e.g., the sample
preparation, the type of column used for the analysis, and the oper-
ating temperature program, have been described in previous work
[7,8].
Studies were performed to measure the temperature versus
time proﬁle of the mixture of waste oil and metallic-char in
the presence of a microwave-heated bed of particulate-carbon
as an indication of its heating characteristic during pyrolysis by
microwave radiation. The reactor was initially ﬁlled with 1kg of
particulate-carbon. The particulate-carbon was then stirred and
heated to 550 ◦C by microwave radiation, and the temperature
proﬁle was monitored during the heating process. Waste oil pre-
blended with metallic-char (i.e., a 80:20wt% mixture of waste oil
and metallic-char) was continuously added to the reactor at a con-
stant feeding rate of 1 kg/hwhen the temperature of the carbonhad
reached 550 ◦C. The temperature versus time proﬁle of the mixture
of particulate-carbon and waste oil-char mixture continued to be
monitored during the subsequently pyrolysis of the added waste
oil-char mixture.
2.3. Analytical methods
Oil samples were analyzed using a 6890/5973 GC–MS
instrument (Agilent Technologies, Palo Alto, CA), allowing the
quantiﬁcation of compounds by both species and size; the detailed
description of this analytical method has been reported in previous
work [5,7]. Gases such as H2, CH4, CO, CO2, were analyzed using
a Varian 3380 gas chromatograph (Varian Inc., Palo Alto, CA) ﬁt-
ted with two thermal conductivity detectors (GC-TCD), whereas
gaseous hydrocarbons fromC1 to C4 were analyzed using a 6890GC
(Agilent Technologies, Palo Alto, CA) coupled with a ﬂame ioniza-
tion detector (GC-FID); the detailed description of these analytical
methods have been reported in previous work [8]. Compounds
were identiﬁed using the NIST 2005 mass spectral library using
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similarity indices of >70%, or by comparisonwith publishedGC–MS
data for similar products, and quantiﬁcation of compounds was
obtained by external standard method and relative retention times
once the component has been identiﬁed.
Elemental analyses of solid samples were performed using a
LECO CHNS-932 elemental analyzer (LECO Corporation, Michi-
gan, USA); the detailed description of this analytical method is
presented in (Appendix B). TGA analysis of solid samples was per-
formed using a Q500 Thermogravimetric Analyzer (TA Instruments
UK Ltd., Crawley, West Sussex), allowing the proximate quantiﬁca-
tion of moisture, volatile matter, ﬁxed carbon, and ash content of
compounds. Detailed analysis (Appendix C)was performed accord-
ing toASTMStandardE1131-08 [30]. Theoil and solid sampleswere
also analyzed using a Varian Spectr AAS instrument; the detailed
description of this analytical method, and the sample preparation,
has been reported in previous work [6]. Experimental analysis of
each metal was performed according to Lázaro et al. [31] and the
standard working conditions speciﬁed in the Varian AAS instruc-
tion manual for metal determination. The samples were analyzed
for their content of Al, As, Ba, Ca, Cd, Cu, Cr, Fe, Mg, Mo, Ni, Pb, Si, V
and Zn.
ASA analysis of the solid samples was performed using
a Micromeritics ASAP 2010 Automatic Sorption Analyzer
(Micromeritics UK Ltd., Dunstable, Bedfordshire) to charac-
terize their porous structure and to determine their surface area.
90mg of sample was degassed at 120 ◦C for 2h prior to analysis.
Then, the sample was exposed to varying pressures of N2 gas at
a temperature of 77K, and the volume of N2 adsorbed onto the
sample’s surface at different pressureswas recorded. The datawere
used to plot the N2 adsorption and desorption isotherms that allow
the characterization of porous structure and calculation of surface
area of the sample using the Multipoint Brunauer, Emmett, and
Teller (BET) equation [32,33]. External surface area and micropore
volume were calculated based on the t-plot method, and the total
pore volume was determined at P/P0 of 0.99.
3. Results and discussion
Microwavepyrolysis ofwaste oilwas performed in order to con-
vert the waste oil into potentially valuable products suitable for
use as a fuel. The pyrolysis was performed in a continuous opera-
tionusing the apparatus described,which is ﬁttedwithmagnetrons
capable of delivering 5kW of microwave power and capable of sus-
taining a waste oil feed rate of 5 kg/h with a positive energy ratio of
11 (energy content of hydrocarbon products/ electrical energy sup-
plied for microwave heating) and a net energy output of 170MJ/h.
3.1. Characteristics of metallic-char catalyst
The metallic-char was analyzed to determine its elemental,
proximate, and metal composition, and also its surface area, exter-
nal surface area, micropore area, micropore volume, and total pore
volume. In addition, the metallic-ash was collected from heating
themetallic-char at 950 ◦C in air atmosphere for 20min and the ash
was analyzed for its chemical composition. Table 3 summarizes the
main characteristics of the metallic-char and metallic-ash.
The results fromelemental analysis show that carbon (∼86wt%)
and oxygen (9wt%) represented the main elements present in the
metallic-char, whereas hydrogen (4wt%), nitrogen (0.2wt%), and
sulfur (0.5wt%) were detected in very low concentrations. The
Table 3
Characteristics of the metallic-char and metallic-ash.
Metallic-chara Metallic-ashb
Elemental composition (wt%)
C 86.3 n.p.c
H 4 n.p.
N 0.2 n.p.
S 0.5 n.p.
O 9 n.p.
Proximate composition (wt%)
Moisture –d –
Volatile matter 5 2
Fixed carbon 85 4
Ash 10 94
Particle size 20–30m n.p.
Surface area 124m2/g n.p.
External surface area (m2/g) 28 n.p.
Micropore area (m2/g) 97 n.p.
Micropore volume (cm3/g) 0.065 n.p.
Total pore volume (cm3/g) 0.13 n.p.
Metal composition of metallic-char (ppm)
Al 6.1 Mg 229
Ca 910 Ni 4.3
Cd 0.3 Pb 1.2
Cu 1.6 Si 23.6
Fe 42.8 Zn 488
Chemical composition of metallic-ash by XRF analysis (wt%)
SiO2 5.2 MgO 15.1
Al2O3 4.3 ZnO 16.7
Fe2O3 7.3 CuO 1.1
CaO 21.0 NiO 3.2
K2O 0.3 PbO 0.3
Na2O 0.5
a Obtained from microwave pyrolysis of waste oil at 550 ◦C followed by calcination at 600 ◦C in air atmosphere for 1h.
b Ash collected from heating the metallic-char at 950 ◦C in air atmosphere for 20min.
c n.p.– Analysis not performed.
d Not detectable.
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detection of oxygen in the metallic-char indicates that char oxi-
dation had occurred to some extent to form possibly metal oxides
during the preparation of the metallic-char for use as a catalyst by
calcination the char at 600 ◦C in air for 1h (see Section 2.1.1, Fig. 2).
Proximate analysis revealed that the metallic-char comprised
mainly of ﬁxed carbon (85wt%) and smaller amounts of ash
(10wt%) and volatile matter (5wt%), whereas moisture was not
detected in the metallic-char. The high content of carbon (also
detected from elemental analysis) and the relatively low content
of volatile matter show that a carbonaceous char with a high ele-
mental carbon content was obtained from the previous pyrolysis of
waste oil at 550 ◦C. The ash is likely to derive from the metals orig-
inally present in the waste oil [6], which were then transferred and
either adsorbed onto or trapped within the metallic-char during
the previous pyrolysis of waste oil.
The metallic-ash was further analyzed and examined for its
chemical composition by proximate and XRF analysis. As expected,
ash represented the main elements (94wt%) present in the
metallic-ash as demonstrated by proximate analysis, whereas
volatile matter and ﬁxed carbon were detected in very low con-
centrations (2wt% and 4wt%, respectively). XRF analysis revealed
that themetallic-char containedmetal oxides comprisingmainly of
CaO, ZnO, MgO, Fe2O3, SiO2, Al2O3, and NiO. The detection of these
metal oxides suggests that some of the metals originally attached
or adsorbed onto themetallic-charwere likely to have reactedwith
oxygen to formmetal oxides thatwere retainedwithin themetallic-
char during the preparation of the metallic-char as a catalyst by
calcination.
The results from AAS showed that the metallic-char also con-
tained metals such as Ca, Zn, Mg, Fe, Si, Al, and Ni; this supports
the proposed occurrence of char oxidation that had led to the for-
mation of metal oxides during the calcination of the metallic-ash.
These metals were originally derived from the involatile metals
attached or adsorbed onto the metallic-char during the previous
pyrolysis of waste oil. The involatile metals were derived from the
wear and corrosion of the iron and alloy engine components or
additives present in the engine oil [6]. The concentrations of Ca, Fe,
Mg, Si and Zn in the metallic-char were found to be relatively high
compared to the amounts of other metals present. In contrast, Cu,
Cd, andPbweredetected in lowconcentrations (<1.6ppm). Someof
these metals, such as Fe, Ni, Si, Al may have catalytic effects on the
reaction pathways that occur in this pyrolysis process as reported
by others in pyrolysis studies of other materials [34–36] and this
could lead to a different product composition compared to that
observed in previous works [7,8].
Fig. 3 shows theN2 adsorption anddesorption isothermsplotted
from the volume of N2 adsorbed onto the surface of metallic-
char and particulate-carbon at different pressures of N2 gas. The
adsorption–desorption isotherm obtained for the metallic-char
indicates a combination between the isotherms of Type I and
Type IV according to the classiﬁcation of adsorption isotherms by
International Union of Pure and Applied Chemistry (IUPAC) and
Brunauer, Deming, Deming, and Teller (BDDT system) [37]. The plot
at lower relative pressures (Pi/Po≤0.5) shows a Type I adsorption
isotherm indicative of a microporous structure whereas the plot at
higher relativepressures (Pi/Po >0.5) indicates a Type IVadsorption
isotherm inwhich capillary or pore condensation occurred and this
generated a hysteresis loop indicating the presence of mesoporos-
ity. These observations suggest that the metallic-char had both
microporous and mesoporous structure; porous solid is classiﬁed
asmicroporouswith a pore size of up to 2nmandmesoporouswith
a pore size of 2–50nm by IUPAC.
The metallic-char showed a type H1 hysteresis loop accord-
ing to the classiﬁcation of hysteresis loops by IUPAC as indicated
by adsorption and desorption branches that are nearly verti-
cal and parallel, indicating the presence of a porous structure
Fig. 3. N2 adsorption and desorption isotherms of metallic-char and particulate-
carbon.
containing relatively uniform cylindrical pores with a narrow dis-
tributionof pore size. Thepresenceof typeH1hysteresis loop is also
indicative of both delayed condensation and little hold-up of per-
colation, showing a characteristic of good adsorption capacity by
the metallic-char, particularly for adsorbing metal ions [38]. The
data from the N2 adsorption and desorption isotherms were cal-
culated for determination of the surface area and the metallic-char
was found to have a surface area of 124m2/g, the majority of which
was comprised ofmicropores (97m2/g), and amicropore volumeof
0.065 cm3/g, indicating that this char had a relatively high internal
porosity (Table 3). These results support the highly porous struc-
ture with many cavities observed in the SEM/EDX scans of the
metallic-char (Fig. 4).
In contrast, the particulate-carbon that was used as a
microwave-absorbent in this study showed a plot of a convex
curve to the relative pressure axis and with no sign of hystere-
sis loop (Fig. 3), indicating a Type III adsorption isotherm. The
presence of Type III adsorption isotherm is commonly associated
with characteristics of non-porous structure, low surface area, pore
volume, weak adsorbate–adsorbent interactions, and low adsorp-
tion capacity [38]. The different adsorption isotherm observed
between the metallic-char and particulate-carbon indicated that
themetallic-char showedahigher adsorption capacity compared to
the particulate-carbon, suggesting that the metallic-char could be
a more suitable adsorptive-support to adsorb metal ions and waste
oil (or the evolved pyrolysis-volatiles) in order for catalytic hetero-
geneous reactions to occur during the use of the metallic-char as a
catalyst in the microwave pyrolysis conversion of the waste oil.
3.1.1. SEM analysis of metallic-char before and after pyrolysis
Fig. 4 presents the SEM-micrograph and EDX-spectrum of the
fresh metallic-char. The SEM/EDX scans demonstrated that the
metallic-char had a porous structure nearly comparable to acti-
vated char with most of the particles having a nearly spherical
shape. The presence of highly porous structure indicates that the
metallic-char can be a suitable candidate for use as a catalyst sup-
port or adsorbent as has been reportedbyY. Shenet al. [38]. Cavities
andparticles having a particle size of about 1–5mwere founddis-
tributed over the metallic-char, indicating the presence of a porous
network with a high surface area. The small particles were likely to
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Fig. 4. SEM micrograph and EDX spectrum of particulate matter in the metallic-char before and after pyrolysis. These highly magniﬁed scans show example areas of the
samples; numerous areas were scanned and examined for consistency.
be formed by smaller char and metallic particles either attached or
adsorbed onto the metallic-char.
The EDX spectrum of the metallic-char (Fig. 4) showed the pres-
ence of metalloid (Si), non-metals (C, O, P, S), halogen (Cl), and
metals (Cu, Mg, Al, Ca, Fe, Ni, Zn, Pb). Some of these metal ele-
ments (Cu,Al,Mg, Fe,Ni)havebeen reported to showcatalytic effect
on the heterogeneous reactions that occurred in pyrolysis process
[19,21,22]; this further indicates the potential of the metallic-char
to be used as a catalyst.
The SEM-micrograph of the usedmetallic-char is also presented
in Fig. 4. As shown in Fig. 4, theusedmetallic-charwas coveredwith
a layer consisting of small particles of different sizes. The layer of
small particles were likely to be coked carbons produced during
the pyrolysis process. In addition, some of the small particles could
be the metal particles formed from the reduction of metal oxides
originally present in the metallic-char (Table 3).
3.1.2. XRD analysis of metallic-char before and after pyrolysis
The metallic-char was analyzed by XRD to investigate the pres-
enceandchangeof crystallinephaseson themetallic-char structure
before and after pyrolysis. Fig. 5 shows the XRD plots of the fresh
andusedmetallic-char frommicrowavepyrolysis experimentsper-
formed on waste oil. The XRD of the fresh metallic-char showed
the presence of metal phases containing Al, Ca, Fe, Mg, Ni, Si, and
Zn, and also phases of metal oxides comprising SiO2, Al2O3, Fe2O3,
CaO, MgO, ZnO, and NiO. Although other metals (e.g., Cd, Cu, Pb)
and metal oxides (e.g., K2O, Na2O, CuO, PbO) were detected in
the metallic-char by XRF and AAS analyses, their peaks were not
detectable by XRF analysis, probably due to their low concentra-
tions in the metallic-char (Table 3).
For usedmetallic-char, lower peakswere observed for themetal
oxides and relatively higher peaks identiﬁed as Al, Fe, Mg, Zn,
and Ni phase were detected compared to those observed in the
fresh metallic-char (Fig. 5). This suggests that some of the metal
oxides (originally attached to the metallic-char) had been reduced
to form their metal elements through the reductive and hetero-
geneous reactions (e.g., steam reforming) that occurred between
the waste oil (or the evolved pyrolysis-volatiles) and the carbon
and metal oxides in the metallic-char during the pyrolysis at a high
temperature of 550 ◦C. It was likely that the metallic-char, being
a carbonaceous material that can be heated and transformed into
a high temperature site under the inﬂuence of microwave heat-
ing, had provided a reducing chemical environment in which the
metallic-char acted as an intermediate reductant to reduce the
adsorbed metal oxides into its metallic states ((R10), (R11); see
Section 3.5). In addition, sintering of metal particles such as Ni
could occur as a result of the high temperature provided under the
microwave pyrolysis condition [39].
3.1.3. TGA and TPO analysis of metallic-char before and after
pyrolysis
The metallic-char before pyrolysis was analyzed by TGA as an
evaluation of its thermal stability under pyrolysis environment in
an N2 atmosphere, and the resulting plot is presented in Fig. 6. It
was revealed that the metallic-char showed high thermal stabil-
ity in a N2 atmosphere as indicated by only a small reduction in
weight (5%) with the increase of temperature up to 900 ◦C. This
indicates that the metallic-char is durable to be used in a pyrolysis
conversion process due to its high thermal stability under pyrolysis
environment in an N2 atmosphere.
The used metallic-char was analyzed by TPO to investigate its
reactivity with oxygen in an air atmosphere and also the oxida-
tion of coked carbons deposited on the surface of the used catalyst.
The TPO curve of the used metallic-char under air atmosphere is
demonstrated in Fig. 6. The weight of the used metallic-char was
found to decrease about 4% initially when it was heated to about
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Fig. 5. XRD analysis of fresh and used metallic-char.
200 ◦C, which was likely due to the evaporation of water present in
the char. The weight of the char then increased slightly for about
9% from 200 to 400 ◦C, which could possibly be attributed to the
oxidation of metallic elements present in the used char (see Fig. 5
for the metallic phase observed in the used metallic-char from XRD
analysis), e.g., oxidation of metallic Ni as has been reported by Wu
and Williams [40]. After 400 ◦C, the used metallic-char showed a
reduction in weight for about 13% when it was heated to 560 ◦C,
and the weight remained at about 90% until 600 ◦C. The reduction
in weight between 400 ◦C and 600 ◦C could be explained by the
oxidation of the coke carbons deposited on the used metallic-char.
This result is in agreement with the ﬁndings of other workers in
which the authors have reported that the oxidation or combustion
of carbon deposited on the surface of a catalyst normally happens
at temperatures between 400 and 600 ◦C [34,35]. Themetallic-char
then showed a dramatic reduction of about 80% of weight when it
was heated from 600 to 900 ◦C in air, and the weight remained at
10% through the remaining heating period. The dramatic reduc-
tion of weight at this temperature range suggests that the ﬁxed
carbon originally present in the metallic-char (Table 3) was likely
to have reacted with the oxygen present in the air to form car-
bon oxides at temperature above 600 ◦C. It can also be inferred
from these results that a temperature of 600 ◦C can be selected
for thermal regeneration of the metallic-char in order to extend
its service life since this temperature represents the optimum bal-
ance between sufﬁciently high temperature needed to remove
the coked carbon deposited on the used metallic-char, while not
being so high as to promoting the oxidation of the ﬁxed carbon
in the metallic-char that would result in weight reduction of the
char.
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Fig. 6. TGA and TPO analysis of metallic-char.
3.2. Temperature proﬁle of the mixture of waste oil and
metallic-char during the pyrolysis by microwave radiation
Fig. 7 shows the temperature proﬁle of the mixture of waste oil
and metallic-char after addition to a bed of particulate-carbon dur-
ing the pyrolysis by microwave radiation. The temperature proﬁles
shown in Fig. 7 are limited to the particular conﬁguration of the
microwave pyrolysis system used in the experimental apparatus
developed for this investigation.
Thewaste oil-charmixture (80:20wt%)was continuously added
to the reactor containing a bed of particulate-carbon maintained at
the target temperature of 550 ◦C by microwave heating. This ini-
tiated the pyrolysis process and the waste oil was pyrolyzed and
transformed into pyrolysis-volatiles, which then left the reactor
and passed through the product collection system. Electrical arc-
ing was found to occur and sparks were observed 3min after the
initial injection of the waste oil-char mixture into the hot carbon
bed. Such a phenomenon was found to occur intermittently within
and on the surface of the carbon bed and this resulted in a series
Fig. 7. Temperature proﬁles during microwave pyrolysis of waste oil by contact with a bed of particulate-carbon (1kg) in the additional presence of a small amount of
metallic-char pre-added to the waste oil (20wt% of the amount of waste oil added to the reactor). The data presented show typical results for the temperature proﬁle
obtained in experiments with low standard deviations shown in the temperature reading (±1–6 ◦C) for each reference point.
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of transient rises of temperature readings to a maximum of 650 ◦C
during the pyrolysis of the waste oil-char mixture. Nevertheless,
the temperature of the carbon bed was able to be maintained pre-
dominantly at the desired target pyrolysis temperature (550 ◦C) by
themagnetron control system, exceptwith some intermittent rises
to 650 ◦C during pyrolysis in the presence of metallic-char.
The sparks and the intermittent rises of temperaturewere likely
to have been caused by electrical arcing that occurred as a result
of the metals present in the waste oil and those metallic elements
that were retained within the metallic-char (Table 3); the pres-
ence of metals in the waste oil has been reported in previous works
[6]. It has also been reported in other microwave pyrolysis stud-
ies [23] that sparks (regarded as “microplasmas”) were observed
during the heating of pyrolysis-char and they also exhibited a very
high temperature. In addition, the particles of metallic-char were
observed to be incandescent (exhibiting a bright-red color) against
the background of dark waste oil within a dark particulate-carbon
bed, suggesting that they were transformed into hot spots (high
temperature sites) during the pyrolysis, probably due to their being
more rapidly heated by microwave radiation. These observations
suggest that hot spots were formed during the pyrolysis of the
waste oil-char mixture, and they were most likely created as a
result of the addition ofmetallic-char to the reactor. The addition of
metallic-char is thought to have an effect on the pyrolysis of waste
oil as the resulting hot spots could promote heterogeneous reac-
tions between the metallic-char and the waste oil (or the evolved
pyrolysis-volatiles) and lead to a different product composition.
This is consistent with results from microwave pyrolysis studies
of other materials, where the formation of H2 was observed even
at a low pyrolysis temperature of 500 ◦C [23,41,42]. It can also be
inferred from these results that hot spots would form in the reactor
if the microwave pyrolysis of waste oil (with no added metallic-
char) is performed in a continuous operation over a long period of
time due to the increased amount of metallic-char that is gener-
ated and remained trapped within the particulate-carbon bed over
a prolonged period of operation.
The temperature measured in the vapor zone (the space above
the carbon bed in the reactor) showed interesting results (Fig. 7).
There was a slow increase of temperature to ∼150 ◦C as the
particulate-carbon bed was heated to the target temperature at
550 ◦C, and this was probably due to a convective heating effect
resulting from the heating of the carbon bed by microwave radia-
tion and also the associated radiative heat transfer between the
carbon bed and the thermocouple. When the waste oil or the
80:20wt% mixture of waste oil and metallic-char was added to
reactor for pyrolysis treatment in a carbon bed at 550 ◦C, there
was a sudden increase of temperature in the vapor zone from
150 to 200 ◦C, and the temperature remained at around this level
throughout the remaining pyrolysis period. The sudden rise of tem-
perature was likely due to the evolution of hot pyrolysis-volatiles
from the waste oil that entered the vapor zone. The lower temper-
ature in the vapor zone (∼200 ◦C) compared to the temperature in
the particulate-carbon bed (≥550 ◦C) showed that different tem-
perature distributions are present within the reactor during the
microwave pyrolysis and this may be partly due to the continuous
addition of cold N2 purge gas into the reactor. The different heat
distributions in different sections of the reactor may have effects
on the reaction pathways that occur in this pyrolysis process.
3.3. Product yield in the presence of metallic-char as catalyst
Figs. 8 and 9 outline the effect of the amount of metallic-char
on the fraction of waste oil converted to pyrolysis-gases, pyrolysis-
oil, and char product. The study showed that the waste oils were
thermally cracked to pyrolysis products dominated by pyrolysis-
oil (65–85wt%) and smaller amounts of pyrolysis-gases (8–33wt%)
andcharproduct (2–7wt%). The amountofmetallic-charwas found
to have a signiﬁcant inﬂuence on the yields of pyrolysis product.
The yield of pyrolysis-gases was found to increase with increasing
amounts of metallic-char fed together with the waste oil into the
reactor. Hot spots were observed on addition of the waste oil-char
mixture into the particulate-carbon bed during the pyrolysis pro-
cess (see Section 3.2). The formation of hot spots was likely to have
promoted the heterogeneous reactions between the metallic-char
and the waste oil (or the evolved pyrolysis-volatiles) to produce
greater quantities of gases such as H2 and CO as reported by others
in microwave pyrolysis studies of other wastes [25,43]. Thus, the
presence of higher amounts of metallic-char was likely to enhance
the heterogeneous reactions that occurred during the pyrolysis
and this resulted in a higher yield of pyrolysis-gases and a lower
Fig. 8. Product yields (wt%) as a function of the amount of metallic-char or particulate-carbon (as control) added to waste oil. Process conditions: pyrolysis was performed
on waste oil by contact with 1kg of particulate-carbon bed when the effects of varying the amount of metallic-char added to the waste oil were studied, and all experiments
were performed at a constant temperature of 550 ◦C, waste oil feed rate of 1 kg/h, and N2 purge rate of 250mL/min.
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Fig. 9. The relative amounts of metallic-char and char product as a function of the
amount of metallic-char added to waste oil.
corresponding yield of pyrolysis-oil. However, the amount of new
char production was found to decrease with increasing amounts of
metallic-char added to thewaste oil (Fig. 4). This could be explained
by the gasiﬁcation of the chars to produceH2 and CO, this being one
of theheterogeneous reactions that havebeen reported to behighly
promoted in microwave pyrolysis systems [14,15,20,24]; this is
likely to have contributed to the lower yield of the new char prod-
uct. The results show that the addition ofmetallic-char to thewaste
oil could promote different product compositions due to additional
heterogeneous reactions that occurred during the pyrolysis in the
presence of metallic-char.
3.4. Product chemical composition in the presence of
metallic-char as catalyst
Table 4 demonstrates the main chemical components identi-
ﬁed in the pyrolysis-oil and pyrolysis-gases obtained from the
experiments performed with different amounts of metallic-char.
The pyrolysis-oil comprised mainly of C5–C30 hydrocarbons, which
were dominated by aliphatic hydrocarbons (58–65wt%) and sig-
niﬁcant amounts of aromatic hydrocarbons (29–38wt%). The
composition of the pyrolysis-gases was dominated by aliphatic
hydrocarbons (58–78vol%) and signiﬁcant amounts of permanent
gases (i.e., H2, CO, CO2, H2S, 23–42vol%). These results indicate the
cracking of waste oil (C7–C41 hydrocarbons; see Table 1) to small
hydrocarbon components (C1–C30 hydrocarbons; see Table 4), and
the subsequent formation of aromatics and permanent gases (H2,
CO, CO2, H2S) through cracking, aromatization, and heteroge-
neous reactions that were likely to have occurred during pyrolysis.
The production of pyrolysis-oil (comprising C5 to C20 aliphatic
hydrocarbons) and valuable gases, such as CH4, C2H4, H2, and
CO represents a potentially high-value chemical feedstock or fuel
source. The alkanes in the pyrolysis-oil could be upgraded to pro-
duce transport-grade fuels, whereas the alkenes and aromatics
constitute a feedstock that is highly desired in the petrochemi-
cal industry, especially in plastic manufacture. The low heating
values (LHV) of the pyrolysis-gases was estimated based on the
concentration of CO, H2, and CH4 in the pyrolysis-gases [44]. The
pyrolysis-gases show a LHV ranging from 4.7 to 5.5MJ/m3, sug-
gesting that the pyrolysis-gases could be used as a gaseous fuel
and burned directly in gas engines or fuel cells, or upgraded to pro-
duce hydrogen and synthetic fuel (via a Fischer–Tropsch process).
In particular, the hydrogen obtained can potentially be used as a
second-generation fuel or as a synthesis chemical, and the CO could
be steam-reformed to produce more hydrogen.
The amount of metallic-char added to the waste oil was found
to have a substantial inﬂuence on the chemical composition of
the pyrolysis-oil and pyrolysis-gases. Increasing the amount of
metallic-char led to an increase in aromatic content along with a
decrease in aliphatic content in the pyrolysis-oil, and the hydrocar-
bon content improved toward the presence of smaller hydrocarbon
chains (C5–C10). The increase in the amount of metallic-char also
resulted in greater production of H2 and CO in the pyrolysis-gases
(up to 42vol% of H2 +CO). This was accompanied by a decrease
in CO2 and aliphatic contents in the pyrolysis-gases with the
composition of the aliphatics being improved toward the pres-
ence of smaller hydrocarbon chains (≤C3). The yields of H2, CO,
C2H4, and C3H6 were found to increase with increasing amounts
of metallic-char; these compounds are believed to comprise the
bulk of the increased amount of pyrolysis-gases produced when
higher amounts of metallic-char were added to the waste oil
before the pyrolysis. In contrast, a reduction in CO2 content was
observed although CO2 was detected only in minor quantities
(≤0.6 vol%), and this was also accompanied by a reduction in CH4
content.
In this study, the increase in the amount of metallic-char added
to thewasteoilwas thought tohave led to the formationofhot spots
within the reactor (see Section 3.2), and in turn promoted hetero-
geneous reactions between the metallic-char and the waste oil (or
the evolved pyrolysis-volatiles) to produce greater yields of H2 and
CO and lower yields of CO2 and CH4. In addition, the hot spots cre-
ated by the metallic-char (homogeneously mixed with the waste
oil) appeared to promote cracking reactions during the pyrolysis
and resulted in the observed formation of higher amounts of lighter
hydrocarbons in both the pyrolysis-oil (i.e., C5–C10 hydrocarbons)
and pyrolysis-gases (i.e., ≤C3 hydrocarbons). This agrees with the
ﬁndings reported by other researchers working on microwave
pyrolysis studies of other materials [15,25,43], which propose that
char particles may absorb microwave energy and heat up, then
transform into hot spots, which in turn act in a catalytic manner
to promote the cracking and heterogeneous reactions during the
microwave pyrolysis process, e.g., the decomposition reactions of
hydrocarbons to produce H2, and the aromatization reactions to
generate H2 and benzene [8].
The catalytic effect could also be attributed to the high surface
area (124m2/g) and the presence of metals and metal oxides in the
metallic-char (Table 3), the amounts of which are likely to increase
with increasing amounts of metallic-char added to the waste oil,
providing more reaction sites in order for these reactions to occur.
The metallic-char was likely to act as an intermediate reductant
that had reduced the adsorbed metals or metal oxides into metal-
lic states which in turn enhanced the cracking and heterogeneous
reactions that occurred during the pyrolysis process.
Furthermore, the catalytic activity of metallic-char could
be explained by a microwave-speciﬁc mechanism. As pre-
viously observed by others in microwave pyrolysis studies
[17,18,23,45,46], the interaction of the electromagneticmicrowave
ﬁeld with particular types of carbon (e.g., metallic-char) gener-
ates “microplasmas” (i.e., electrical discharges resulting from the
rapidly oscillating electromagnetic microwave ﬁeld) which create
charge imbalances that are restricted by the physical boundaries of
the carbonparticles. The temperatureof thesemicroplasmas is con-
siderably higher than that of the bulk carbon bed, and consequently
wasteoil exposed to thesemicroplasmaswill becracked toagreater
extent. Such microplasmas were observed during pyrolysis in the
additionalpresenceof themetallic-char (pre-mixedwithwasteoil),
but not at all when pyrolysis was conducted with only the waste
oil (i.e., in the absence of added metallic-char). Thus, it is likely
that this additional mechanism due to the presence of microplas-
mas contributed to the additional cracking observed when using
the waste oil-char mixture.
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Table 4
Main chemical components identiﬁed in the pyrolysis-oil and pyrolysis-gases produced under various conditions.a
Metallic-char added to waste oil
0wt% 5wt% 10wt% 20wt%
Controlb Treated Controlb Treated Controlb Treated
Pyrolysis-oil
(wt%)
Aliphaticsc 65.1 64.6 63.6 63.9 61.5 62.2 57.5
Aromaticsd 29.1 29.7 29.2 30.8 32.6 32.6 38.3
Carbon
components
C5–C10 56.4 57.6 58.3 59.9 64.3 62.4 73.5
C11–C15 16.7 16.3 16.4 15.9 14.8 15.5 13.0
C16–C20 15.2 14.7 13.6 13.7 12.1 12.4 8.2
C21–C30 5.9 5.7 4.5 5.2 2.9 4.5 1.1
Pyrolysis-gases
(vol%)
H2 11.7 12.6 16.4 13.7 21.3 15.3 28.6
CO 9.6 9.9 10.2 10.1 11.5 10.3 13.2
CO2 0.6 0.6 0.4 0.5 0.1 0.4 0.1
H2S 0.6 0.6 0.4 0.6 0.1 0.5 0.0
CH4 6.1 6.6 4.9 7.5 3.3 8.6 2.1
C2H2 0.2 0.2 0.2 0.2 0.1 0.2 0.1
C2H4 21.5 21.9 23.8 23.5 30.9 25.8 34.0
C2H6 2.5 2.5 2.1 2.5 1.4 2.2 0.9
C3H6 10.2 11.5 14.0 12.6 17.5 13.9 19.3
C3H8 0.1 0.2 0.1 0.3 0.1 0.5 0.2
C4H6 8.7 7.6 6.8 6.9 3.1 4.9 0.5
C4H8 15.5 14.3 11.9 10.9 6.1 8.8 0.6
C4H10 0.6 0.6 0.5 0.7 0.3 0.8 0.2
C5and C6e 12.7 11.5 8.3 9.5 4.2 7.6 0.2
C1–C6f 78.1 76.9 72.6 74.6 67.0 73.3 58.1
LHV (MJ/m3)g 4.7 – 4.8 – 4.9 – 5.5
a Process conditions: pyrolysis was performed on waste oil by contact with 1kg of particulate-carbon bed when the effects of varying the amount of metallic-char added
to the waste oil were studied, and all experiments were performed at a constant temperature of 550 ◦C, waste oil feed rate of 1 kg/h, and N2 purge rate of 250mL/min.
b Particulate-carbon was used as a control.
c Aliphatics – alkanes, naphthenes, alkenes, dialkenes.
d Aromatics – benzene, toluene, xylene, alkyl-benzenes.
e C5 and C6 compounds detected in the pyrolysis-gases are grouped and presented in a total value.
f The sum of C1–C6 aliphatic hydrocarbons.
g Low heating value (LHV) of the gas product (kJ/m3) is calculated based on the concentration of CO, H2, and CH4 in the pyrolysis-gases [44], i.e.,
[(30×CO) + (25.7×H2) + (85.4×CH4)]×4.2.
3.5. Possible chemical reaction mechanisms accounting for the
catalytic conversion of waste oil using the metallic-char catalyst
coupled with microwave pyrolysis.
The results have shown that microwave pyrolysis in the pres-
ence of the metallic-char as the catalyst cracked the waste oil to
produce a unique product distribution of compounds comprising
predominantly light hydrocarbons,H2 andCOgases, and char prod-
uct in the pyrolysis products. The production of these compounds
could derive mainly from the primary and secondary pyrolysis
cracking reactions occurring via a free-radical-induced mechanism
[10–12], and secondary reactions comprising both homogenous
and heterogeneous reactions, such as Diels–Alder type aromati-
zation reactions (i.e., condensation, dehydrogenation), reforming,
dehydrogenation, decomposition, gasiﬁcation, carbon reduction,
and carbonization.
The wide distribution of aliphatic chains in the pyrolysis prod-
ucts supports the proposed free-radical-induced random scission
mechanism for the catalytic pyrolytic cracking of waste oil; the
reaction mechanism, comprising random scission reaction, H-
atom-abstraction reactions, -scission reaction, and termination
reactions, has also been proposed for the pyrolysis of polyoleﬁns
based on the wide distribution of aliphatic chains found in the
pyrolysis products [47–50]. Hydrocarbon radicals were likely to
be generated from this mechanism through which the radicals
were then stabilized by the capture of hydrogen atoms from the
molecules nearby and this resulted in the conversion of heavy
hydrocarbons in the waste oil into lighter hydrocarbons by H-
atom abstraction and -scission reactions; this accounts for the
light aliphatic hydrocarbons detected in both the pyrolysis-oil
and pyrolysis-gases. The free-radical mechanism could proceed
further during the pyrolysis cracking of waste oil whereby the
large aliphatic hydrocarbons (e.g., large alkenes) might undergo
secondary pyrolysis cracking and decompose to form aliphatic
hydrocarbons of shorter chains as proposed by Miller [51]. The
short-chained aliphatic hydrocarbons (e.g., alkenes and dialkenes)
produced from the free-radical-induced random scission mecha-
nism could then proceed to form aromatic hydrocarbons observed
in the pyrolysis products by Diels–Alder type aromatization
reactions,which involve condensationof alkenes followedbydehy-
drogenation to form aromatic hydrocarbons. Depending on the
extentof these secondaryactionsand theamountof thermal energy
generatedby themicrowave radiationat thepyrolysis temperature,
carbonization could occur and lead to the production of carbona-
ceous char as the char product.
The production of permanent gases species (e.g., H2, CO, CO2)
and char product could be attributed to the secondary reac-
tions occurring either homogeneously or heterogeneously in the
presence of the metallic-char as the catalyst during the pyrol-
ysis process. The proposed secondary reactions are termed as
(R1)–(R11) as below:
Pyrolysis crackingof hydrocarbons : CxHy → y2H2 + xCchar (R1)
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Diels − Alder type aromatization : CxHy → x6C6H6 + (2y − x)H2
(R2)
Dehydrogenation : CnH2n+2 → CnH2n + H2 (R3)
Methanedecomposition : CH4 → Cchar+2H2 (R4)
Steam reforming : CxCy+ = xH2O → xCO+(x +
y
2
)H2 (R5)
Steam reforming of methane:CH4+ H2O ↔ CO+3 H2 (R6)
Steam gasiﬁcation:Cchar+ H2O → CO + H2 (R7)
Dehydrogenationof hydrocarbons : (CH2) + CO2 ↔ 2CO + 2H2
(R8)
Dry-reformingofhydrocarbons : CH4 +CO2 ↔ 2CO + 2H2 (R9)
Reduction of metal ions (Me2+) and metallic oxides (MemOn) to
metal (Me) by carbon:
C + Me2+ → Me + C2+ (R10)
nC + MemOn → mMe+ nCO (R11)
H2 gas was likely to be generated via the catalytic heteroge-
neous Reactions (R1) and (R2) occurring between the metallic-char
and the waste oil or the evolved pyrolysis-volatiles [14,15,24,41],
since signiﬁcant amount of H2 (up to 29vol%) was detected in
the pyrolysis-gases (Table 4). In addition, the decreasing yield of
aliphatic hydrocarbons with increasing amount of metallic-char
added to the pyrolysis process (Table 4) suggest that it was the
increased occurrence of the (R1) and (R2) Reactions that had con-
verted some of the aliphatic hydrocarbons into H2 and aromatics,
resulting in higher yields of these compounds detected in the
pryolysis products; this supports the occurrence of the proposed
catalytic heterogeneous Reactions (R1) and (R2) for H2 formation.
Al-containing catalyst has been reported to have the ability to
enhance aromatization Reaction (R2) in producing aromatics [52],
thus the increasing amount of metallic-char containing Al (Table 3)
was likely to have promoted the (R2) Reaction to generate higher
yield of aromatics as observed in the pyrolysis-oil.
The high yield of ethylene observed in the pyrolysis-gases (up
to 34vol%, Table 4) was likely to arise from the dehydrogenation of
ethane to ethylene (R3) during the catalytic microwave pyrolysis
of the waste oil. This reaction was found to be promoted under
the inﬂuence of microwave heating within microwave pyrolysis
systems [14,16,24]; this also contributes to the higher yield of H2
and lower yield of ethane observed in the pyrolysis-gases (Table 4).
In addition, the presence of metals and metal oxides, such as Al and
Al2O3 were reported to have a catalytic effect on this reaction [19].
The increase in the amount of metallic-char added to the waste
oil led to the presence of higher amounts of these metal elements
in the reactor, thus promoting the occurrence of dehydrogenation
reactions and resulting in the increased yields of ethylene observed
in the pyrolysis-gases; this also contributes to the increased yield
of H2 and lower yield of ethane.
A reduction in CH4 contentwas observedwith an increase in the
amountofmetallic-char added to thewaste oil (Table 4), suggesting
that a portion of the CH4 was transformed into H2 by the methane
decomposition Reaction (R4) that occurred during the pyrolysis;
this also contributes to the production of char product and the
increased yield of H2 during the pyrolysis. This reaction was found
to be promoted under the inﬂuence of microwave heating and the
formation of hot spotswithin themicrowave pyrolysis system [43].
In addition, carbon materials and metal-containing catalysts (e.g.,
Fe–Al2O3, Ni, Al) were reported to show catalytic effects on this
reaction [21,22]. The use of metallic-char as a catalyst followed
by the formation of hot spots by the addition of the carbonaceous
metallic-char containing Fe, Ni, Al2O3, (see Table 3 and Fig. 5) sup-
port the proposed occurrence of methane decomposition reactions
for the formation of char product and H2.
The waste oil used in this study was found to contain a certain
amount ofwater (about 20wt%); the presence ofwater in thewaste
oil hasbeen reported inpreviouswork [8]. Thewater couldvaporize
as steam during the pyrolysis process by the microwave heating.
This could lead to the occurrence of steam reforming reaction of
hydrocarbons ((R5) and (R6)) and the steam gasiﬁcation of chars
(R7), resulting in higher production of H2 and CO in the pyrolysis
gases (Table 4). It has been reported that catalysts containing Mg
could enhance heterogeneous reactions, such as steam gasiﬁcation
and reforming reactions [53]; the use of metallic-char containing
Mg (see Table 3 and Fig. 5) supports the proposed occurrence of
these reactions.
CO2 was only detected in less than 0.6 vol% (Table 4), whereas
higher quantities of CO were detected in the pyrolysis-gases (up
to 13vol%), suggesting that a signiﬁcant portion of the CO2 might
be converted to form H2 and CO by heterogeneous reactions, such
as dehydrogenation (R8) and dry-reforming (R9) reactions that
have been reported to be promoted under microwave pyrolysis
environment [14,15]. Both the concentrations of CO2 and aliphatic
hydrocarbons (particularly CH4) were found to decrease when
using increased amounts of the metallic-char (Table 4). This sup-
ports the proposed increased occurrence of these heterogeneous
reactions that had resulted in higher productions of H2 and CO in
the pyrolysis-gases.
The results revealed that the increase in the amount of metallic-
char added to the waste oil led to a reduction in the subsequent
yield of additional char product (Fig. 9), suggesting that a portion
of the char product (generated by the decomposition of hydrocar-
bons, (R1) and (R4)) was converted to H2 and CO by gasiﬁcation
Reaction (R7). These gasiﬁcation reactions were likely to occur due
to the ability of the metallic-char to absorb the microwave energy
and heat up, transforming into hot spots and in turn promoting
the occurrence of these reactions. These gasiﬁcation reactions are a
few of the heterogeneous reactions that were reported to be highly
promoted in microwave pyrolysis systems [14,25], and they were
found to occur inmicrowavepyrolysis systems even at low reaction
temperatures of 400 and 500 ◦C [42], thus the yield of char product
was reduced in favor of H2 and CO formation.
In this study, the addition of metallic-char to the waste oil
was found to have a catalytic effect on both the cracking and the
heterogeneous reactions that occurred during the pyrolysis, con-
verting the waste oil (or the evolved pyrolysis-volatiles) into light
hydrocarbons,H2 andCOgases; thishelps toexplain thehigherpro-
duction of H2 and CO gases, and also the higher yields of smaller
hydrocarbon chains (C5–C10 hydrocarbons, CH4, C2H4) observed
in both the pyrolysis-oil and pyrolysis-gases. The results suggest
that the reactions in catalytic microwave pyrolysis of waste oil are
a combination of primary and secondary pyrolysis cracking, and
serial and parallel secondary reactions occurring homogeneously
or heterogeneously as described by (R1)–(R11), with the pyroly-
sis cracking and catalytic heterogeneous reactions dominating as
metallic-char is incorporated into thepyrolysis process, resulting in
a relatively high reaction selectivity toward H2, CO, and a desirable
lighter hydrocarbon fraction in the pyrolysis products
Fig. 10 summarizes the mechanisms involved in the microwave
pyrolysis conversion of waste oil through the use of the metallic-
char as a catalyst. In this microwave pyrolysis process, the
metallic-char initially acted as an adsorptive-support to adsorb
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metals, metal oxides and waste oil. Then, the char became a
microwave absorbent that absorbed microwave energy and heated
up to high temperature in a short time and in turn trans-
formed into hot spots (high temperature sites) under the inﬂuence
of microwave heating. The presence of this high temperature
metallic-char had provided a reducing chemical environment in
which the metallic-char acted an intermediate reductant to reduce
the adsorbed metals or metal oxides into metallic states ((R10)
and (R11)) which then functioned as a catalyst to provide more
reaction sites that enhanced the cracking and heterogeneous reac-
tions that occurred during the pyrolysis to convert the waste oil
into producing higher yields of light hydrocarbons, H2 andCOgases
in the pyrolysis products. It should be noted that the metals con-
tained in the metallic-char could be regenerated by gasiﬁcation or
thermal regeneration of the metallic-char since the metals should
Fig. 10. Reaction mechanisms accounting for microwave pyrolysis conversion of waste oil using the metallic char catalyst.
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remain in solid states considering their high sublimation tempera-
tures (≥1000 ◦C, e.g., 2732 ◦C for Ni and 1535 ◦C for Fe) [38].
The results in this study have indicated that the use of metallic-
char obtained from the previous pyrolysis of waste oil as a catalyst
showed a signiﬁcant inﬂuence on the product distribution in this
pyrolysis process and led to the production of useful light hydro-
carbons, H2 and CO gases in the pyrolysis products. The use of
metallic-char combined with microwave pyrolysis showed advan-
tages in enhancing the reaction rates and the selectivities of the
products. This presents new information on the use of metallic-
char as a catalyst in microwave pyrolysis treatment of problematic
waste oils. It can also be inferred from these results that if the
microwave pyrolysis of waste oil were performed in a continu-
ous operation over a long period of time, the increased amount
of metallic-char that would be generated and trapped within the
particulate-carbonbedwouldexert a similar catalytic inﬂuenceand
promote altering product compositions due to enhanced cracking
and heterogeneous reactions occurring as a result of the formation
of hot spots within the reactor.
4. Conclusion
The metallic-char catalyst demonstrated a highly porous struc-
ture and was found to contain phases of metals and metal oxides.
Combined with the results showing high surface area and ther-
mal stability in a N2 atmosphere, this makes the metallic-char a
potentially suitable catalyst to be used in pyrolysis cracking pro-
cess. The use of the metallic-char as a catalyst in the microwave
pyrolysis of waste oil was found to have strong inﬂuence on the
fraction of waste oil converted to pyrolysis-oil and pyrolysis-gases.
Theadditionof themetallic-char also inﬂuenced theconcentrations
and molecular nature of the wide variety of compounds formed in
the pyrolysis-oil and pyrolysis-gases. An increase in the amount of
metallic-char catalyst resulted in the formation of hot spots within
the reactor in which the high temperature metallic-char provided
a reducing chemical environment to reduce the adsorbed metals or
metaloxides intometallic states,whichappear toact catalytically in
providing more reactions sites in order for cracking and heteroge-
neous reactions to occur during the pyrolysis process. Higher yields
of light hydrocarbons, H2 and CO gases were obtained in the pyrol-
ysis products in the presence of higher amounts of metallic-char.
The addition of metallic-char catalyst equivalent to 20wt% of the
amount of waste oil added to the reactor generated a 65 wt% yield
of pyrolysis-oil containing C5–C20 hydrocarbons in addition to a 33
wt% yield of pyrolysis-gases comprising 58vol% of C1–C6 hydro-
carbons and 42vol% of H2 and CO gases, representing a potential
source of high-value fuel and syngas. These results demonstrate
that the metallic-char catalyst showed advantages in transforming
the waste oil into potential fuel products, and thus showing excel-
lent potential for use as a catalyst inmicrowavepyrolysis treatment
of problematic waste oils.
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Appendix A.
Temperature measurement and limitation
The temperature of the carbon bed in the system was moni-
tored using a thermocouple that was ducted into the middle layer
of the carbon bed through the center of the shaft that protrudes
from the bottom of the stainless steel stirrer shaft. The thermo-
couple probe is in direct contact with both the samples and the
carbon in the reactor during experiment, and the temperaturemea-
sured is logged for subsequent analysis. In addition, ferrite core
thermocouple connectors and cable clamps were used to reduce
the electromagnetic interference caused by the microwaves on the
temperature measurement.
Accurate measurement of the evolution of the temperature of
the carbon bed was difﬁcult during the heating process – ﬁrstly,
there are inherent difﬁculties involved in measuring this param-
eter in microwave devices [54]; secondly, it should be noted that
the temperature is not uniform throughout the carbon bed dur-
ing the initial heating to the target temperature; electrical arcing
was found to occur for a relatively short period at the beginning of
the heating process, but it stopped when the carbon bed had been
heated to the target temperature. A stirred bed reactor is used in
this study in which the physical movement and mixing of carbon
particles by the stirring system creates a uniform temperature dis-
tribution, independent of the penetration depth of the microwaves
into thebedofparticulate-carbon. Provided the temperature is kept
consistent and uniform in this system, once the thermal equilibra-
tion and steady state temperature were reached, the temperature
shown by the thermocouples are assumed to give a reliable reading
of the average temperature of the bulk carbon bed.
Appendix B.
Elemental analysis
Samples were analyzed on a dry or moisture-free basis by pre-
heatingat200 ◦C to removeanymoisture (residualwater) andother
remaining low boiling point compounds. They were then burned at
1000 ◦C in a ﬂowing stream of oxygen. The products of combustion
(CO2, H2O, N2 and SO2) then passed through the system with He as
the carrier gas, and their content of carbon, hydrogen, and sulfur
were measured quantitatively by selective IR absorption detectors,
except for the nitrogen, which was measured by a thermal con-
ductivity detector. Oxygen content was measured by pyrolyzing a
separate sample at 1300 ◦C in a VTF-900 pyrolysis furnace (LECO
Corporation, Michigan, USA). The oxygen released in the pyroly-
sis reaction then reacted with activated charcoal to form CO, which
was converted to CO2 bypassing through anoxidation tubewithHe
as the carrier gas. The CO2 generated was then measured as above
by an IR detector.
Appendix C.
Thermogravimetric analysis
The sample (∼20mg) was heated from ambient temperature to
600 ◦C at a heating rate of 25 ◦C/min with high purity N2 as the
carrier gas, which then switched to O2 gas and the thermo balance
was ramped to950 ◦Cwithaﬁnalholding timeof20min; thecarrier
gaseswere vented through the apparatus at a ﬂow rate of 0.1 L/min.
The fraction decomposed between 100 and 600 ◦C refers to the
volatile matter content of the sample, and ﬁxed carbon refers to
the fraction between 600 and 900 ◦C, and the fraction above 900 ◦C
refers to the ash content of the sample.
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